The objective of this research is to explore the formation/binding energetics and length scales associated with the interaction between He n V clusters and grain boundaries in bcc α-Fe. In this work, we calculated formation/binding energies for 1-8 He atoms in a monovacancy at all potential grain boundary sites within 15Å of the ten grain boundaries selected (122106 simulations total). The present results provide detailed information about the interaction energies and length scales of 1-8 He atoms with grain boundaries for the structures examined. A number of interesting new findings emerge from the present study. First, the Σ3(112) 'twin' GB has significantly lower binding energies for all He n V clusters than all other boundaries in this study.
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For all grain boundary sites, the effect of the local environment surrounding each site on the He n V formation and binding energies decreases with an increasing number of He atoms in the He n V cluster. Based on the calculated dataset, we formulated a model to capture the evolution of the formation and binding energy of He n V clusters as a function of distance from the GB center, utilizing only constants related to the maximum binding energy and the length scale.
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I. INTRODUCTION
The ability to predict the mechanical behavior of current and future nuclear power reactors necessitates understanding the atomic interactions associated both with radiation damage phenomena and grain boundaries in polycrystalline nuclear materials 1 . In particular, future fusion reactors will produce a much larger amount of both He and H as compared to fission reactors, hence the microstructure of the structural materials used in fusion reactors will be much more sensitive to interactions with He defects 2, 3 . In terms of radiation damage, the production of helium through (n,α) transmutation reactions causes both microstructure evolution and drastic property changes in the first-wall and blanket structural materials of fusion reactors. The production of single helium atoms and small He clusters in the metal lattice is inherently a problem that occurs at the nanoscale. The subsequent diffusion of He and He clusters results in the nucleation and growth of He bubbles on grain boundaries and within the lattice, which lead to a macroscopic deterioration of material properties including void swelling, surface roughening and blistering, and high temperature intergranular embrittlement [1] [2] [3] [4] [5] [6] [7] [8] [9] . While the production and diffusion of He occurs at the nanoscale, these other processes develop at larger length scales over long time scales, which necessitates developing predictive multiscale models for material behavior under irradiation conditions that couples multiple simulation methods at different length and time scales.
Developing this predictive capability will require an understanding of the mechanisms associated with radiation damage phenomena, of the He interaction with microstructures, and of the associated uncertainties.
It is well known that He interactions in Fe play an important role in the mechanical behavior of steel alloys. There have been a number of quantum mechanics and molecular dynamics simulations that have examined how He and He clusters affect single crystal lattice properties and physical properties in α-Fe [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . For instance, density functional theory (DFT) simulations have been used to show that interstitial He atoms strongly interact with vacancies and can also be trapped by interstitial atoms (binding energy of 0.3 eV) 10 .
Ventelon, Wirth, and Domain 24 probed the interactions between He and self-interstitial atoms (SIAs) in α-Fe and found strong binding behavior between interstitial He and SIA clusters, which corresponded with the SIA defect strain field. Other atomistic studies have examined how He and H interact within the single crystal lattice to form complex He-H clusters 27 or how He impacts the production of irradiation-induced point defects in an Fe-Cr matrix 28 . Stewart et al. 25, 26 recently used several Fe-He potentials [29] [30] [31] to show the effect of the interatomic potential on the resulting dynamics of He transport and He clustering in Fe.
Ascertaining the reactions that occur and quantifying their energetics are very important for a fundamental understanding of how point defects, impurities, substitutional atoms, and helium atoms interact in the single crystal lattice of α-Fe. Furthermore, this information is useful for models that explore the kinetics of He diffusion, trapping (clustering), and detrapping (emission), such as rate theory models [32] [33] [34] [35] , kinetic Monte Carlo models 36, 37 , and/or phase field models 38, 39 .
The grain boundary itself and its atomic configuration within these alloy systems plays a significant role in trapping point defects and various atomic species. There have been a number of recent studies using both first principles and molecular dynamic simulations that have examined how solutes and impurities segregate to grain boundaries within bcc metals [40] [41] [42] [43] [44] [45] [46] [47] . Despite this fact, there have been relatively few studies that have focused on
He interactions with grain boundaries [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . These prior works have been significant for understanding the migration paths and mechanisms of He for a few boundaries using the dimer method 49, 51 , understanding migration of interstitial He in different grain boundaries using molecular dynamics 52 , understanding how the grain boundary strength is affected by He 53, 54 or He bubbles 55 , or understanding the diffusion and stability of He defects in grain boundaries using first principles 56, 57 Herein, this approach is applied along with using multiple different starting positions, or instantiations, about each site to more precisely probe the formation and binding energy landscape about ten grain boundaries. In this paper, we present this approach for eight He n V clusters and we explore how the grain boundary structure interacts with He n V clusters using molecular static calculations. Moreover, we have also explored how different per-atom local environment metrics compare with the calculated energies for the different He n V clusters and the energetics of incorporating additional interstitial He atoms into the He n V clusters. A number of interesting new findings emerge from the present study. First, the Σ3(112) 'twin' GB has significantly lower binding energies for all He n V clusters than all other boundaries in this study. For all grain boundary sites, the effect of the local environment surrounding each site on the He n V formation and binding energies decreases with an increasing number of He atoms in the He n V cluster. Based on the calculated dataset, we formulated a model to capture the evolution of the formation and binding energy of He n V clusters as a function of distance from the GB center, utilizing only constants related to the maximum binding energy and the length scale. This work significantly enhances our understanding of the energetics involved with how the grain boundary structure interacts with He n V clusters and how ultimately this may affect He (re-)combination and embrittlement near grain boundaries in polycrystalline steels.
II. METHODOLOGY A. Grain Boundaries
The interaction between helium-vacancy clusters and iron grain boundaries was investigated by using ten different grain boundaries and multiple different He n V clusters (n = 1-8)
for multiple sites (866 total sites) within 15Å of the boundary (122106 simulations total). Table I lists the ten grain boundaries studied, their dimensions in terms of lattice units, the number of atoms and the interfacial energy. These grain boundaries represent the ten low coincident site lattice (CSL) boundaries (Σ ≤ 13) within the 100 and 110 symmetric tilt grain boundary (STGB) systems. This is a subset of those boundaries used in prior studies of point defect absorption (vacancies and self-interstitial atoms) by a large range of grain boundary structures in pure α-Fe 62, 63 and is identical to those used in our previous study of 1-2 atom He defect interactions with grain boundaries 58 .
The current set of boundaries includes four 100 STGBs (Σ5,Σ13) and six 110 STGBs (Σ3,Σ9,Σ11). Recent experimental characterization of steels has shown that several of these symmetric tilt grain boundaries are observed at a concentration higher than random grain boundaries 64, 65 . For example, Beladi and Rollett quantified that the Σ3(112) symmetric tilt grain boundary is observed at >10 multiples of a random distribution (MRD) of grain boundaries 64,65 , i.e., much larger than would be expected. While the experimental observation of 100 symmetric tilt grain boundaries (Σ5, Σ13 GBs) is below 1 MRD, these grain boundaries are commonly used in DFT studies due to the low periodic distances required in the grain boundary plane. The present set of boundaries is smaller than those previously explored 62,63 for two reasons. First, since we explored multiple starting configurations for the He n V clusters in this study, a larger number of simulations were required for each grain boundary than for the point defect studies, which only considered a single vacancy or selfinterstitial atom. Second, our prior study 63 found that, aside from a few boundaries (e.g., the Σ3(112) STGB, included herein), most grain boundaries had similar characteristics with respect to point defect interactions. These results suggest that the ten boundaries explored within can supply ample information about the interaction of He defects with low-Σ grain boundaries, and perhaps shed insight on general high angle grain boundaries as well. The simulation cell consisted of a 3D periodic bicrystalline structure with two periodic grain boundaries, similar to prior grain boundary studies [66] [67] [68] . The two mirror-image grain boundaries are separated by a minimum distance of 12 nm to eliminate any effects on energies due to the presence of the second boundary. While the grain boundaries were generated using the minimum periodic length in the grain boundary period direction and the grain boundary tilt direction (x-and z-directions, respectively), it was found that the formation energies for the defects were influenced for periodic lengths below 4a 0 . That is, the periodic image of the defect and/or its influence on the surrounding lattice can significantly affect the defect's formation energy. Hence, multiple replications in the grain boundary tilt direction and the grain boundary period direction were used. For instance, the final dimensions for the Σ5(210) GB resulted in a vacancy formation energy far away from the boundary that was within 0.015% of that within a 2000-atom bcc single crystal (i.e., 10a 0 per side). This criteria resulted in simulation cell sizes on the order of 4660-9152 atoms (Σ13(510) and Σ11(113), respectively). All of the simulations were performed with a modified version of the MOLDY code [69] [70] [71] . both formation/binding energies agree with DFT within the calculated differences.
C. Helium Clusters
There are eight different He clusters explored in the present study. These eight For multiple atoms, a slightly different methodology was used. In the case of He 2 V, the two atoms were placed in opposite directions along a randomly-oriented vector eminating from the vacant site with equal distances to the vacant site and a total distance >1Å. Since a single instance may not obtain the minimum energy dumbbell, twenty different instances of the starting configurations were used for each potential site for the He 2 V clusters. For higher numbers of He atoms, multiple locations were randomly chosen for the He atoms,
given the constraint that any two He atoms could not be closer than 1Å. Again, 20 different starting positions were used. This number of instances (20) was sufficient to obtain a near constant mean formation energy for interstitial He atom (maximum deviation of 0.4% of bulk value, mean deviation of 0.03% of bulk value) in the bulk region far away from the grain boundary 58 . Figure 1 is an example of one instantiation of the various He n V clusters surrounding the central atom site in the bcc unit cell.
numbers of He atoms, multiple locations were randomly chosen for the He atoms, given the constraint that any two He atoms could not be closer than 1Å. Again, 20 different starting positions were used. This number of instances (20) was sufficient to obtain a near constant mean formation energy for interstitial He atom (maximum deviation of 0.4% of bulk value, mean deviation of 0.03% of bulk value) in the bulk region far away from the grain boundary 59 . Figure 1 is an example of one instantiation of the various He n V clusters surrounding the central atom site in the BCC unit cell. 
D. Formation and Binding Energies
The formation energies for the He n V clusters can then be calculated as a function of spatial location of sites and their proximity to the grain boundary. The formation energy for a He n V cluster containing n He atoms in a monovacancy at site α of a grain boundary configuration is given by
Here, E HenV,α tot is the total energy of the grain boundary configuration with the He n V cluster at site α, E GB tot is the total energy of the grain boundary without any defects, and E 
where E HenV,bulk f and E HenV α f are the formation energies of a He n V cluster either in the bulk or at site α, respectively. It can be seen that a positive binding energy represents that it is energetically favorable for the He n V cluster to segregate to the GB, while a negative binding energy represents that the He n V cluster does not want to segregate to the GB. Table IV lists the maximum values of E b for all ten GBs for each He n V cluster.
The binding energy of a He n V with an additional He atom is also of interest. For instance, in this scenario, we would like to know if a He atom in an interstitial location is either attracted to or repelled from the He n V cluster. This binding energy is given by
where E He f is the formation energy of an interstitial He atom in the bulk (E He f = 4.38 eV). In this work, for He n V clusters (n ≥ 2), the formation and binding energies for a He n V cluster at site α are the 'mean' values from the twenty different instantiations, i.e.,
Previous work found that the mean of the formation/binding energy was a better metric for capturing the variation in these quantities as a function of spatial position than the standard deviation or the extreme values (minimum E f or maximum E b ). While individually these three measures give information of the distribution of binding and formation energies about each particular site, the remainder of the analysis will focus on the mean formation energies and binding energies of the 20 different instantiations, which is more sensitive to local variations than the maximum binding energy and is more applicable to the energetic favorability of He n V clusters than is the standard deviation.
III. RESULTS AND DISCUSSION
A. Spatial distribution of binding energies Figure   7 be.
A. Spatial distribution of binding energies Figure 2 displays the spatial distribution of binding energies for He 4 V clusters in the 110 symmetric tilt grain boundary system. Recall that the binding energies correspond to the mean of the binding energies for all 20 instantiations. The grain boundaries in this figure are arranged in order of increasing misorientation angle. In Figure 2 , each atom represents a site where a He 4 V cluster was placed and the binding energy was calculated (i.e., each atom is a different simulation). The minimum periodic length for each grain boundary is shown along the horizontal axis and the length from top to bottom is 30Å, with the grain boundary plane centered in the vertical direction. The binding energy scale shown to the right of Figure 2 ranges from 0 eV (bulk lattice) to the maximum calculated binding energy (3.6385 eV for the Σ13(320) GB) from all ten boundaries. The atoms far away from the boundary are white (binding energy of 0 eV), indicating that there is no energy difference over the bulk lattice. As the He 4 V cluster gets closer to the grain boundary, there is a GB-affected region with an increased binding energy for the He n V clusters. The largest binding energies tend to be along the center of the grain boundary plane or along the 1 st layer from the GB plane. Interestingly, there is a range of binding energies along the central GB plane, as evidenced in the Σ9(114) GB, which contains He 4 V cluster positions with both the largest binding energy and a binding energy similar to bulk within the central grain boundary plane. Furthermore, there is a noticeable symmetry to the binding energies about the grain boundary plane due to the symmetric nature of these grain boundary structure. In terms of variations due to GB structure, the Σ3(112) 'twin' grain boundary has a much smaller binding energy in the GB region than all other boundaries in the 100 and 110 STGB systems. Interestingly, the Σ3(112) GB has the same disorientation angle, tilt direction, and CSL value as the Σ3(111) GB, but has a very different behavior in terms of the binding behavior with He n V clusters. Also notice that the Σ3 GBs have the lowest and highest GB energies in the present study, which can explain their difference in binding energy behavior. For instance, in a prior study with point defects in Fe 64 , it was found that the mean formation energies (and consequently, binding energies) for each particular grain boundary was related to the grain boundary energy. The other nine grain boundaries showed very similar maximum binding energies and binding energy behavior within the grain boundary region, which may be more typical of general high angle grain boundaries. A similar spatial distribution of binding energies is observed for GBs in the 100 symmetric tilt grain boundary system.
The relative binding energy of the He n V clusters with respect to the grain boundary structure is also of interest. For instance, Figure 3 shows the spatial distribution of binding energies for four He n V clusters investigated in the present study for a representative high angle STGB: the Σ11(113) GB. The contour bar for each He n V cluster is scaled from 0 eV to the maximum binding energy among all 10 GBs for that particular He n V cluster. Therefore, the represented values are a relative measure with respect to the maximum binding energy for each He n V cluster to facilitate comparison with respect to the number of He atoms n in the cluster. In many respects, the binding behavior is very similar between the different He n V clusters. The sites with the largest binding energies appears to stay consistent even as the number of He atoms in a monovacancy increase. However, there are a few subtle differences that are also apparent in Figure 3 . First, the interaction length scale of the grain boundary increases as the number of He atoms in the He n V cluster increases. For instance, there are sites that are several layers away from the GB center with a relatively low relative binding energy for He 1 V, but have a much higher relative binding energy for the He 8 V cluster. Second, focusing on the atoms within the grain boundary plane, there is less anisotropy in the relative binding energies as the number of He atoms in the He n V cluster increases. Hence, while the grain boundary structure may have a strong influence on the formation and binding energy of He clusters (or even solute atoms and impurities, for that matter) with only a few atoms, this effect may be less pronounced as the size of the cluster binding with the grain boundary increases. In this case, the binding behavior may be more strongly influenced by the reduction in the grain boundary energy.
The behavior in Figure 3 may indicate that the formation and binding energies of lower order clusters may actually be an adequate predictor of the formation energies of higher order clusters. In previous work for He defects with ≤2 He atoms 59 , the linear correlation coefficient R showed that all the He clusters were correlated with R > 0.9, thus suggesting that the local environment strongly influences the He cluster formation energies and that these energies are not independent of one another. Hence, a hypothesis would be that lower order He n V clusters can be used to predict the formation energies of higher order He n V clusters. Figure 4 is a plot of the He n V formation energy as a function of the number of He atoms in the He n V cluster. The shaded red area denotes the band of values for all E f data; the shaded blue area highlights the band of E f for those sites that were >10Å away from the center of the GB (bulk values). The individual E f points are also plotted. Additionally, percentile lines were added every 2% (dotted) and 10% (dashed) to show how the formation energy distribution changes with increasing n He atoms in the He n V cluster. Since all percentile lines are plotted, it is apparent that most percentile lines lie within the bulk region (blue) with approximately 20-40% of sites having lower formation energies than in the bulk, due to the grain boundary. Notice that 0 He atoms is also plotted; this refers to the vacancy formation energies over the same sites (from Ref. 63 and 64) . The negative deviation from the bulk formation energies is the binding energy, which increases with increasing n He atoms in a monovacancy. There is also a linear trend in the formation energies, as would be expected. However, the hypothesis that a formation energy at a particular site can be used to accurately predict a higher order He n V cluster formation energy does not appear to be the case. For instance, Table V shows that R decreases as the number of He atoms between the two He n V clusters increases. This result may be as one would expect. As the size of the He n V cluster increases, the interaction volume of the cluster increases (dilatation) and this results in a lower dependence on the immediate local environment (e.g., shifting behavior from predominantly first nearest neighbors to including second nearest neighbors and beyond). 
B. Influence of Local GB Structure
The local environment surrounding each atom changes as due to interactions with neighboring atoms, which in turn affects the cohesive energy and other per-atom properties. In
this subsection, we will analyze several metrics used to characterize the local environment and R = −1 indicates a perfect negative correlation. The results are shown in Table VI along with results for interstitial He and He 2 58 . The binding energies are used instead of formation energies; realize that to change the correlation coefficient R from binding energies E b to formation energies E f , a factor of −1 can be applied to all R values in Table VI This result is as expected. The per-atom metrics refer to the unstrained environment prior to inserting the He n V cluster; with an increasing number of He atoms in a monovacancy, the local environment is under a much larger volumetric strain than in the reference environment.
C. Statistical GB Description
The formation energies of the eight He n V clusters can be plotted against the distance from the grain boundary to quantify the evolution of the formation energies (and binding energies) near the GB and to quantify the length scale associated with the He n V clusters. Figure 4 is an example of one such plot for the He 8 V cluster at various sites at the Σ3(112) GB and Σ11(332) GB. In this plot, the formation energies E . The length scale parameter l GB is calculated by first defining a subset β of all sites α based on deviation of formation energies from the bulk formation energy, i.e.,
and then calculating the bounds of the grain boundary affected region, i.e.,
where β is a subset of all sites α where the above condition is met and x β is the vector containing the coordinates of all sites β in the direction perpendicular to the grain boundary plane. In the subsequent plots and analysis, the coordinate for the grain boundary plane was shifted such that x = 0 is the center of the grain boundary and there is an equal distance to the bounds of the grain boundary affected region, x min and x max . Then, to calculate the average binding properties of the grain boundary affected region, a subset γ that contains all sites within the grain boundary affected region is defined, i.e.,
Note that γ and β are not necessarily equivalent sets since γ includes all sites within the grain boundary region and β included only those sites with formation energies that were different from the bulk (≤ 0.99E bulk f
). The mean and maximum binding energies for a particular He n V cluster are now given byẼ
where the summation sign in Eq. 6 operates over the number of γ sites n γ within the specified length scale l GB . First, the difference between the mean formation energy at >10Å
and the formation energy calculated in a 2000 atom single crystal unit cell was calculated
for each boundary and any bias detected was subsequently removed. Prior simulations to test for convergence of formation energies as a function of simulation cell size show that this bias was associated with the simulation cell size. The simulation cell sizes given in Table   I produced a bias on the order of 0.01E bulk f or less. The GB-affected region identified in Eq. 6 is shaded light gray in Fig. 4 and is bounded by the coordinates x min and x max , which corresponds to sites where the formation energies first deviate by more than 0.01E for all eight He n V clusters to the ten grain boundaries examined in the current study is tabulated in Tables VII, VIII , and IX, respectively. It is immediately apparent that the Σ3(112) twin boundary has a smaller length scale and smaller binding energies than the other boundaries.
As observed in Table I , this boundary has both the lowest energy and lowest free volume, which supports that these macroscale GB parameters may indicate lower binding energies with He defects (e.g., as suggested by Kurtz et al. 48 ). The other boundaries have very similar length scales (typically between 8Å to 12Å) and binding energies (sensitive to He defect type), with a few instances where one boundary has an interaction length scale or binding energies different from the rest (e.g., the Σ13(320) GB consistently has the largest GB-affected region). As a general trend, the length scale l GB increases with increasing number of He atoms n for the He n V cluster types (Table VII) . Moreover, both the mean and maximum binding energies (Tables VIII and IX) also increase with increasing n.
D. Atomistically-informed Model for Binding Energy Distribution
The change in binding energies of He n V clusters as a function of distance from the GB center can also be analyzed by binning the energies and calculating the statistics associated with each bin ( Figure 5 ). Due to the symmetric nature of the GB formation and binding energies as a function of distance (e.g., Figure 4 ), the absolute value of the distance from the GB center was used to provide more data points for the statistical analysis. Furthermore, binding energies different from the rest (e.g., the Σ13(320) GB consistently has the largest GB-affected region). As a general trend, the length scale l GB increases with increasing number of He atoms n for the He n V cluster types (Table  VII) . Moreover, both the mean and maximum binding energies (Tables VIII and IX) also increase with increasing n.
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D. Atomistically-informed Model for Binding Energy Distribution
The change in binding energies of He n V clusters as a function of distance from the GB center can also be analyzed by binning the energies and calculating the statistics associated with each bin (Figure 6 ). Due to the symmetric nature of the GB formation and binding energies as a function of distance (e.g., Figure 5 ), the absolute value of the distance from the GB center was used to provide more data points for the statistical analysis. Furthermore, the energies are split into 1Å bins to characterize the distributions and compute statistics for sites at a given distance from the GB. For example, the 0Å bin would contain all binding energies for sites within −0.5Å to +0.5Å from the GB center and then several statistics are calculated from these binding energy distributions. A boxplot (Figure 6 ) is used to represent the binding energy distribution in each bin, i.e., the minimum, 25% percentile, median, 75% percentile, and maximum binding energies. In the boxplot, the red line in the box is the median while the bottom and top edges of the blue boxes represent the 25% and 75% quartiles (as shown to the right of each plot). The whiskers extending the energies are split into 1Å bins to characterize the distributions and compute statistics for sites at a given distance from the GB. For example, the 0Å bin would contain all binding energies for sites within −0.5Å to +0.5Å from the GB center and then several statistics are calculated from these binding energy distributions. A boxplot ( Figure 5 ) is used to represent the binding energy distribution in each bin, i.e., the minimum, 25% percentile, median, 75% percentile, and maximum binding energies. In the boxplot, the red line in the box is the median while the bottom and top edges of the blue boxes represent the 25% and The box plots in Figure 5 encompass all the binding energy data for all He n V clusters from the nine representative GBs (excluding the Σ3 (112)). The mean binding energy is largest for sites close to the GB (0 and 1Å bins), as shown in Figure 5 , and it approaches the normalized 14 in Tables VIII  and IX , respectively) and the constant c 2 is related to the length scale l GB (Table VII) . The root mean square error (RMSE) in Table X and l GB ; the length scale increases with increasing n as does the maximum binding energy. Additionally, the present model can be modified to obtain the variation in formation energies for He n V clusters, i.e., E Table VII, there is a definite length scale associated with He n V clusters binding to the grain boundary that is on the order of 4-6Å from the GB center. For binding energies within the GB region, the distribution of binding energy is slightly skewed (for a symmetric distribution, the red line lies exactly in the middle of the box) with a large degree of variability, as can be seen from both the difference between the minimum and maximum values as well as the magnitude of the interquartile range (height of the boxes, denoting the binding energies associated with the 25% and 75% percentiles)). At distances >7Å, the binding energy distribution trends towards zero, indicating that the overwhelming majority of atomic sites display a binding energy similar to the bulk value.
A model was formulated to capture the formation energy and binding energy distribution evolution as a function of distance. As the general behavior is symmetric about zero and approaches zero at large distances, an exponential formulation is used to describe the change in the mean µ and standard deviation σ of the binding energy distribution as a function of distance from the grain boundary x:
where c 1 , c 2 , and c 3 are model constants. Notice that c 3 = 2 will give a form similar to a normal distribution. Based on an initial nonlinear fit of the data, c 3 = 2 was chosen for E µ b (x) and c 3 = 4 was chosen forẼ σ b (x); these values were kept constant to better assess the change in the constant c 2 . Then, a fit of c 1 and c 2 to the mean (in Figure 5 ) and standard deviation (not shown) curves leads to the values given in Table X in Tables VIII and IX, respectively) and the constant c 2 is related to the length scale l GB (Table VII) . The root mean square error (RMSE) in Table X and l GB ; the length scale increases with increasing n as does the maximum binding energy. Additionally, the present model can be modified to obtain the variation in formation energies for He n V clusters, i.e.,Ẽ 
IV. CONCLUSIONS
The formation/binding energetics and length scales associated with the interaction between He n V clusters and grain boundaries in bcc α-Fe was explored. Ten different low Σ grain boundaries from the 100 and 110 symmetric tilt grain boundary systems were used (Table I) along with an Fe-He interatomic potential fit to ab initio calculations 15 (Table II) . • The local atomic structure and spatial location within the boundary affects the magnitude of the formation/binding energies for all He n V clusters (Figs. 2 and 3 ). In general, grain boundary sites have much lower formation energies and higher binding energies than in the bulk, indicating an energetic driving force for He n V clusters to reside in grain boundary sites. This GB affected region visibly extends several planes from the GB center. The maximum formation energy and binding energy (to the GB) for the He n V clusters increases with an increasing number of He atoms in the monovacancy (Table IV) . Furthermore, the Σ3(112) GB has significantly lower binding energies than all other GBs in this study, in agreement with previous results for interstitial He and He 2 58 .
• The relative binding energy behavior was examined with respect to grain boundary structure (e.g., Figure 3 ). As n increases, the length scale of the GB-affected region increases and there is less variability in the binding energies with GB structure. In fact, while the binding energy behavior between the He n V clusters is linearly correlated in a positive sense, this correlation decreases as the number of He atoms between two He n V clusters increases. Metrics for quantifying or classifying the local structure of each atom site were also compared to the formation/binding energies of He clusters. Trends in per-atom metrics with the He n V cluster energies were tabulated in the form of linear correlation coefficients (Table VII) . While common neighbor analysis (CNA), centrosymmetry parameter (CSP), cohesive energy E coh , vacancy binding energy E v b , and Voronoi volume V V oro all positively correlated with He n cluster binding energies (with R as high as 0.85, respectively), this correlation generally decreased with increasing n and was never highly correlated (R > 0.90).
• The change in formation and binding energies as a function of spatial position ( Figure   4 ) was used to identify a GB affected region and to assess a corresponding length scale, mean binding energy, and maximum binding energy for this region (Tables VIII, IX 
